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New Energy Consumption Model for Rotary-Wing UAV Propulsion
Hua Yan, Graduate Student Member, IEEE, Yunfei Chen and Shuang-Hua Yang, Senior Member, IEEE
Abstract— Accurate and convenient energy consumption models
(ECMs) for rotary-wing unmanned aerial vehicles (UAVs) are
important for UAV communication designs. Existing models are
complex and inconvenient to use. In this letter, a simple and easy-
to-use model with closed-form expression as a function of the
initial velocity, acceleration and time duration is derived. Using
this model, the UAV flight control parameters, such as polling
force and tilt angle, are analysed in analytical form. Numerical
results show the validity and reliability of the proposed model.
Index Terms—Energy consumption model (ECM), unmanned
aerial vehicle (UAV), UAV communications.
I. INTRODUCTION
PROPULSION energy consumption of unmanned aerial ve-hicles (UAVs) is very important in the design of UAV-
enabled communications systems [1] – [3]. The challenge is to
accurately estimate the amount of energy consumed by different
UAV missions.
There have been quite a few works on the modelling of
propulsion energy [4], [5]. For example, the authors in [6] and
[7] studied the energy consumption of electric-powered UAVs,
and this method has been proved effective and feasible. In [8], a
theoretical model for multi-rotor small unmanned aircraft power
consumption based on helicopter theory was derived assuming
a steady-state without acceleration. Similarly, in [9], the authors
derived a closed-form propulsion power consumption model for
rotary-wing UAVs in a one-dimensional (1-D) level flight at
a constant speed without acceleration/deceleration. Considering
the practical situation, the authors in [10] extended the result
in [9] by deriving an analytical model for rotary-wing UAVs
in straight-and-level flight with acceleration and deceleration.
However, this model is very complex, as no closed-form ex-
pression and only an integral expression was provided in [10,
eq. (A.8)]. Also, the model in [9] was further extended in [11] to
an arbitrary two-dimensional (2-D) level flight, and the energy
consumption was derived as a function of the flying speed,
direction and acceleration using centrifugal acceleration [12].
This model is also very complicated without closed-form.
All these works have provided very valuable insights on
modelling the propulsion energy consumption of rotary-wing
UAVs. However, these models are either too complex, or do
not consider acceleration/deceleration—a very important UAV
manoeuvrer in UAV-enabled communications [1] – [3], [9].
Thus, it is of great interest to derive a new energy consumption
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model (ECM) that is both simple and takes the accelera-
tion/deceleration into account. Such an ECM can be used to
calculate the energy consumed in different UAV missions, or as
a target for UAV trajectory optimization.
Motivated by the above observation, this letter aims to derive
a new ECM that overcomes the shortcomings of the aforemen-
tioned works. To do this, we decompose the power consumption
of the UAV with acceleration/deceleration into vertical and
horizontal directions using force analysis, based on which a
new ECM is derived. Numerical results show the validity and
reliability of the new ECM and that acceleration and speed have
a great impact on the total energy consumption of the UAV.
The novelty of the work is summarized as follows: compared
with [9], this work considers both acceleration and deceleration,
while [9] did not consider acceleration/deceleration. Compared
with [10] and [11], our model is much simpler and easier to use
with closed-form, while the model in [10] or [11] is complex
and does not have closed-form expression.
II. EXISTING ENERGY CONSUMPTION MODELS
From [9], for forward level flight of a rotary-wing UAV at a
constant speed of + , the propulsion power consumption can be
modelled as


















and %1˜̂(√˜̂2 + + 44E20 − + 22E20 )1/2 are func-
tions of speed related to the physical properties of the UAV
and the flight environment, including the UAV weight , , rotor
solidity B, rotor disc area , air density d, the tip speed of
the rotor blade *C8 ? and the mean rotor induced velocity E0,
etc., as the blade profile power and induced power in hovering
status, as detailed in [9], ˜̂ , )
,
≈ 1 is the thrust-to-weight
ratio (TWR) [13, eq. (4.3)], 30 denotes the fuselage drag ratio
and 30dB+3/2 denotes the parasite power (also known as
power to overcome fuselage drag [13, eq. (4.5)] related to
speed). Therefore, the energy consumption can be modelled as
a function of + , which is neither convex nor concave, similar
to [9]. Using (1), one has
E = % (+, 1) g, (2)
where g is the time duration and ˜̂= 1.
From [10], for forward level flight, with a given trajectory
@(C), the propulsion energy is calculated as


















22E2 (C) + 230(C)E(C)
)2 + 224E4 (C) − 24E2 (C)] 3C,
(3)






















(c) Rotation angle 
Fig. 1. Force analysis of the UAV
where )0 is the time duration, 2 9 , 9 = 1, · · · , 5, are the param-
eters detailed in [10], E(C) = 3@ (C)
3C




velocity and acceleration, respectively.
Also, from [11], for an arbitrary 2-D level flight with given



























21 (1 + 22‖v(C)‖2) 3C +
∫ )0
0
25‖v(C)‖3 3C + Δ ,
(4)
where )0 is the time duration, 2: , : = 1, · · · , 5 are the param-
eters detailed in [11], Δ = 12<(‖v()0)‖
2 − ‖v(0)‖2) is the
change in kinetic energy. Both (3) and (4) are very complex to
use and do not have closed-form expression.
III. NEW ENERGY CONSUMPTION MODEL
In this section, we will study the power consumption of UAV
with acceleration/deceleration from the initial velocity V8 (final
velocity V 5 ) to V 5 (V8). Using the same parameters as those in
[9] to derive the new model. Since the 1-D scenario is a special
case of the 2-D scenario, we will focus on 2-D scenarios to
derive a generic model.
As indicated in (1), for forward level flight, the UAV
keeps balance in the vertical direction at the cost of blade
profile power and induced power. On the other hand, in
the horizontal direction, the UAV incurs the fuselage drag,
i.e., parasite power. Based on this analysis, the required
power consumption for a rotary-wing UAV can be studied
by analysing the vertical and horizontal power consumption.
In the vertical direction, the UAV keeps balance at the cost
of %0
(




+ %1˜̂(√˜̂2 + + 44E20 − + 22E20 )1/2. During accelera-
tion/deceleration, ˜̂ = √1 + (d(%+ 2+2<0)24, 2 [10, eq. A.5], and
(% , 30B [9] is the fuselage equivalent flat plate area. Using
the parameters from Table I in [9] with a maximum speed of
+<0G = 30 </B [9], it is found that ˜̂ approximately equals
to 1 for different accelerations and UAV weights. As a result,
the power consumption for acceleration/deceleration in vertical
direction can be expressed as
%E4AC820; (C) =%0
(
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where V8 is the initial velocity and a is the acceleration or
deceleration. Thus, %E4AC820; (C) varies with the UAV speed, and
it is not related to the orientation. In the horizontal direction,
the power consumption at a speed of v(C) is [12]
%ℎ>A8I>=C0; (C) = ‖F‖‖v(C)‖, (6)
where F is the pulling force, v(C) = ‖V8+aC‖ is the instantaneous
velocity at time C. When flying at a constant speed of + , ‖F‖ =
1
230dB+
2 equals to the fuselage drag  = 12 d(%+
2 [13].
According to the above analysis, the power consumption for
rotary-wing UAVs can be finally modelled as
%C>C0; (C) = %E4AC820; (C) + %ℎ>A8I>=C0; (C). (7)
Particularly, when ‖a‖ = 0, (7) is the same as % (+, 1) in (1)
and [9, eq. 12]. Thus, (7) is general.
A. Acceleration/Deceleration
From [11] and [12], the UAV acceleration can be decomposed
in the parallel and perpendicular directions of its head. Consid-
ering an arbitrary 2-D level flight with acceleration a shown in
Fig. 1(b), one has
) sin \E cos \ℎ − q = <0q,
) sin \E sin \ℎ − ⊥ = <0⊥,
) cos \E −, = 0,
(8)
where < is the total mass of the UAV, \ℎ is the initial angle
between a and V8 and it can be derived by rotation of the UAV,
i.e., rotation of angle %\ along pitch and angle '\ along roll.











q (C) and ⊥ = 12 d(%E
2
⊥ (C) are the fuselage drags
in the parallel and perpendicular directions, 0q = ‖a‖ cos \ℎ and
0⊥ = ‖a‖ sin \ℎ are acceleration components that are parallel
and perpendicular to the head direction [11], [12], respectively.
Using (6) and (8), the power in parallel and perpendicular




















where Eq (C) = E8q + 0qC and E⊥ (C) = E8⊥ + 0⊥C are speed
components that are parallel and perpendicular to the head,
respectively, E8q = ‖V8 ‖ cos \ℎ and E8⊥ = ‖V8 ‖ sin \ℎ are two
components of initial velocity v0 in the corresponding direction.
Using (7) and (10), the total power consumption is
%C>C0;−2 (C) = %E4AC820; (C) + %q (C) + %⊥ (C) . (11)
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Since the deceleration process is similar to the acceleration
process, it will not be repeated here. Together, the total
energy for accelerating/decelerating with initial V8 , accelera-
tion/deceleration a during a time period of g, using (11), is
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, b = ‖V8 ‖2 cos2 \ℎ − ‖V8 ‖2, <D = −E20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3
qg











4, g = ‖v 5 −v8 ‖‖a‖ is the acceleration/deceleration
time, and the plus and minus sign ” ± ” corresponds to the
total energy of acceleration and deceleration processes (and
hereinafter) denoted by 2−22 and 2−42 , respectively.
As a special case of the 2-D scenario, the ECM for 1-D level
flight when \ℎ = 0 or c can be derived as
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where 0 = ‖a‖, Ω(g) = ‖V8 ‖3g± 32 ‖V8 ‖
20g2+‖V8 ‖02g3± 140
3g4.
Compared with the existing models, our model has a close-
form expression and has taken acceleration/deceleration at di-
rections that are parallel and perpendicular to the UAV head
into account. Therefore, it is more reasonable and practical.
B. Further discussion
1) Analysis of manoeuvring parameters: During accelera-
tion/deceleration, ) , tilt angle \E (also known as rotation angle
%\ along pitch in Fig. 1(c)) and \ℎ change with the speed, as
D is proportional to the speed, and one has








\E (C) = arctan































New model V=5 m/s
Benchmark V=20 m/s
New model V=20 m/s
Benchmark V=30 m/s
New model V=30 m/s
(a) Total energy consumption.



























(b) Energy gap caused by acceleration.
Fig. 2. New model VS [9].
2) Special case: Considering an acceleration-fly(V)-
deceleration operation [1], [2] of 1-D scenarios, where the
UAV accelerates from an initial velocity of 0 to + and continues
to fly at the speed of + , and finally decelerates from + to 0.
The total energy, using (2) and (13), can be calculated as
 = 1 (0, a1, g1) + E + 1 (+, a2, g2). (15)
where g1 =
‖V‖
‖a1 ‖ and g2 =
‖V‖
‖a2 ‖ . Note that, for a given distance





IV. NUMERICAL RESULTS AND DISCUSSION
In this section, numerical examples are given to validate the
derived energy model by comparing it with the models in [9],
[10], [11]. Also, for a given distance, we compare the total
energy calculated by the new model considering acceleration
and deceleration with that calculated by the benchmark model
[9] without considering acceleration or deceleration. For accel-
eration, the new model is also compared with [10] and [11]. In
the examples, we set , = 20 # [9], 0 = ±1 </B2, the number
of wings and the number of blades are 4, and other parameters
of UAV are the same as given in Table I of [9].
Fig. 2(a) shows the total energy consumption versus the
distance for different speeds in 1-D. One sees that the total
energy consumption increases with the distance, but decreases
first and then increases with the speed. This is because, when
the speed is low, the power consumption is relatively large [9].
As both acceleration and deceleration have been considered in
the new model, one can also see that the energy calculated
by the new model is larger than that from [9]. For fixed
distance at 1500 <, one can see that, when the speed is small
(5 </B) or large (30 </B), the new model and the model
in [9] match better than when the speed is medium. This is
due to acceleration, which prolongs the acceleration process to
consume more energy.
Fig. 2(b) shows the energy gap between the new model and
the model in [9]. In this figure, we fix the distance at 2000 <
and vary the acceleration from 1 to 30 </B2. One sees that for
the speed + changing from 5 </B to 20 </B, the gap decreases
with the acceleration. This can be explained as follows. For
small 0, the acceleration/deceleration process increases and the
power consumption is relatively large when the speed is low
[9] so as to consume more energy; For large 0, the time
for acceleration/deceleration is short, the energy gap becomes
stable. Besides, for fixed 0, the energy gap increases with the
speed first and then decreases as in Fig. 2(a). When the speed is
set as 30 </B, which is larger than the <0G8<D<−A0=64 ("')
B?443 [9], the energy gap changes little with the acceleration.
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Fig. 3. New model VS [10] and [11].
This is due to the fact that, when the speed is larger than the
"' speed, higher power consumption is needed [9] so that the
difference caused by acceleration is relatively small compared
with the total energy consumption. This is why the new model
and the model in [9] match well when the speed is 30 </B.
Fig. 3(a) compares the total energy consumption of the new
model with those in [10] and [11]. In the figure, (13), [10,
eq. (A.8)] and [11, eq. (4)] are used, 0 = 1 </B2, and other
parameters are the same as Table 1 in [9]. One can see that
the energy consumption increases with the acceleration time,
and the energy consumption calculated by the new model is the
same as that calculated by [11, eq. (4)]. However, [11, eq. (4)]
is complex to use and does not have closed-form expression.
In [10], even if  is considered, the pull force ) could remain
unchanged so as to cause the change of 0, i.e., 0 < 1 </B2 as
time goes on. In our work,  increases with the acceleration
time so that ) also increases to keep 0. As a result, it consumes
more energy. Note that when the speed is small,  is also small.
This is why the three curves overlap at the beginning.
Fig. 3(b) investigates the total energy consumption of the new
model and that in [11] for a 2D case. In the figure, (12) is used
and Eq = 10 </B, 0q = 0 </B2, E⊥ = 0 </B, 0⊥ = 1 </B2.
One sees that two curves match well, similar to Fig. 3(a).
However, [11, eq. (4)] does not have closed-form expression,
and acceleration/deceleration that is parallel to the UAV head
direction has been largely ignored.
Fig. 4 shows the change of the pulling force ) and tilt angle
\E using (14). For acceleration, one can see that both ) and \E
increase with C. This is because the fuselage drag increases with
the speed during the acceleration process, leading to a gradually
increasing ) to maintain 0. Meanwhile, in order to balance the
UAV weight in vertical direction, i.e., ) cos \E = , in (8), \E
also needs to be increased accordingly. For deceleration, one
sees that ) decreases first and then increases, while \E changes
from the velocity direction to the deceleration direction. This
can be explained as follows. When the UAV is flying at speed
of E = 20 </B, its fuselage drag is  = 12 d(%E
2, this drag is
large enough to make a deceleration of more than 0 = 1 </B2.
Thus, a certain amount of ) in the same direction of the speed
is still needed. However, with the decreasing speed,  gradually
decreases. Hence, ) also needs to decrease in the direction of the
speed. This is why ) decreases from time 0 to the 5Cℎ second.
Also, for balancing the UAV weight, \E decreases accordingly.
From the figure, when it’s nearly the 5Cℎ second, ) starts to
increase. This is because  is not large enough to make a
deceleration of 0 = 1 </B2. Hence, a certain amount of ) in the
opposite direction of the speed is needed. As shown in the figure,














































Fig. 4. ) and \E change with C in the process of accelera-
tion/deceleration from E0 (E) to E(E0).
the curve representing \E changes from positive to negative,
which indicates the direction change of ) . As ) continues to
increase, \E also needs to be increased, showing a downward
curve from 0 to −5.
V. CONCLUSION
A new ECM considering both acceleration and deceleration
as a function of acceleration and time duration has been derived.
Numerical results have shown the validity and reliability of the
new ECM. The effects of wind and variable acceleration are also
important but will be considered as future work due to length
limit.
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